The adaption of pathogens to their host(s) is a major factor in the emergence of infectious disease and the persistent survival of many of the infectious diseases within the population. Since many of the smaller viral pathogens are entirely dependent upon host machinery, it has been postulated that they are under selection for a composition similar to that of their host. Analyses of sequence composition have been conducted for numerous small viral species including the Flavivirus genus. Examination of the species within this particular genus that infect vertebrate hosts revealed that sequence composition proclivities do not correspond with vector transmission as the evolutionary history of this species suggests. Recent sequencing efforts have generated complete genomes for many viral species including members of the Flavivirus genus. A thorough comparison of the sequence composition was conducted for all of the available Flaviviruses for which the complete genome is publicly available. This effort expands the work of previous studies to include new vector-borne species as well as members of the insect-specific group which previously have not been explored. Metrics, including mono-, di-, and trinucleotide abundances as well as N C values and codon usage preferences, were explored both for the entire polyprotein sequence as well as for each individual coding region. Preferences for compositions correspond to host-range rather than evolutionary history; species which infect vertebrate hosts exhibited particular preferences similar to each other as well as in correspondence with their host's preferences. Flaviviruses which do not infect vertebrate hosts, however, did not show these proclivities, with the exception of the Kamiti River virus suggesting its recent (either past or present) infectivity of an unknown vertebrate host.
INTRODUCTION
Given the compact nature of the genomes of many viral pathogens, acquisition of hostspecific coding regions cannot be supported. Since many of these viral pathogens are entirely dependent upon host machinery, it has been postulated that they are under selection for a composition similar to that of their host. Host species exhibit compositional preferences as a consequence of many factors including: nucleotide abundances, DNA stacking energies, methylation, modification, replication, and repair mechanisms (Karlin, 1998; Xia and Yuen, 2005 ). Examination of mono-, di-, tri-and tetranucleotide usage within small viral genomes has revealed correspondence between the pathogen and host species. For example, it has been observed that CpG dinucleotides are under-represented for the majority of these species,
The Flavivirus genus, one of the three genera within the Flaviviridae family, consists of over 70 different known species. These single-stranded positive sense RNA viruses (~ 11,000 bases) encoding for three structural -capsid (C), membrane (prM/M), envelope (E) -and seven non-structural proteins -NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 -are spread worldwide, some regions having several different species coexisting within a single area. Flaviviruses are most often transmitted by arthropods (primarily mosquitoes and ticks) to a variety of vertebrate hosts. Moreover, the flavivirus genus also includes species with no known vector (NKV) as well as species which do not infect vertebrates, henceforth referred to as the insectspecific group. Phylogenies derived from sequence alignments of individual coding regions and the whole genomic sequences of available flavivirus species suggest that species within one vector group are typically more closely related than species of the other vector groups (Billoir, 
MATERIALS AND METHODS

Flavivirus Genome Sequences.
A total of 37 flavivirus genomes were used in this study (Table 1) .
These sequences were obtained from NCBI's RefSeq collection (http://www.ncbi.nlm.nih.gov/).
The virus name and abbreviation, isolate, vector group, length (base pairs), and GenBank accession numbers are listed in Table 1 . Protein coding regions were manually annotated according to their GenBank file annotations.
[ Table 1 ]
Compositional Bias Measures. The mononucleotide usage of each of the genomes was calculated considering the overall GC content as well as the GC 1 , GC 2 , GC 3 and GC 12 contents of the polyprotein coding regions, referring to the GC-content at first, second, third and first and second position of the codon respectively. The dinucleotide frequencies were also calculated. The dinucleotide relative abundances ρ* XY were computed according to the mononucleotide and dinucleotide frequencies as described in the study of Karlin and Burge (1995) . The dinucleotide relative abundance value evaluates the differences between the observed dinucleotide frequencies and the expected frequencies determined by the constituent mononucleotide frequencies. Using this test statistic, ρ* XY ≤ 0.78 characterizes extreme under-representation and ρ* XY ≥ 1.23 characterizes extreme over-representation (Karlin and Burge, 1996) . Calculations for the trinucleotide relative abundances were computed based upon the underlying dinucleotide (and subsequently underlying mononucleotide) abundances; for the trinucleotide xyz, the relative abundance is equal to f xyz /(f xy × f yz ).
Codon Usage Measures. The "Effective Number of Codons" (ENC) was computed over the entire coding region of each flavivirus (Wright, 1990) . The values of this test statistic, N C , range from 20 (meaning only one codon is used for each amino acid) up to 61 (meaning all codons are used equally). The three stop codons are excluded from consideration. Additionally, the codon usage frequencies were calculated for each gene, including the three structural genes and the seven non-structural genes, in the 24 genomes for which the individual gene annotations were available (denoted with an asterisk in Table 1 ). These 24 sequences vary across vector groups (insect-specific, mosquito, tick and no known vector groups), providing a sufficient sample size.
Calculations were also performed for the overall polyprotein for all 37 genomes. These biases were computed as f xyz / f aa , where f xyz is the frequency of codon xyz, and f aa is the frequency of the occurrence of all codons encoding for the amino acid of xyz. Thus for each species sequence (be it the complete polyprotein or an individual gene), a vector of the 61 biases was generated (excluding the three stop codons). In order to assess the similarity in the usage of particular codons, we calculated the Pearson correlation (r) for each pair of vectors generating a similarity matrix based solely on preferences in codon usage. Calculations were performed to compare these codon biases of a single gene between every pair combination in the 24 flaviviruses and likewise for each of the 37 individual polyprotein sequences. All of these calculations were conducted using code developed within our laboratory in C++.
Phylogeny Construction. To visualize the similarities in codon usage between the flaviviruses, phylogenies were derived based upon the correlations in their usages. The pair-wise distances between the individual genomes was calculated as (1-r)/2 such that anticorrelation (r = -1) is indicated with a distance of 1 and perfectly correlated genomes (r = 1) produce a distance of 0.
Phylogenetic trees were generated using the FITCH application of the PHYLIP package (http://evolution.genetics.washington.edu/phylip.html) and visualized using PhyloWidget 
RESULTS
Compositional biases
The mono-and dinucleotide content for each of the 37 RefSeq genomic sequences listed in Table 1 (Table 2 ). This pattern of under-representation, however, is not present for QBV, CFAV and CxFV. Not surprisingly, these three flaviviruses are all classified within the insectspecific group and are not known to infect a vertebrate host. The KRV RefSeq genomic sequence does not fall below the threshold value (see Methods) exhibiting a minor suppression the CpG dinucleotide. In contrast to CpG, the TpA dinucleotide is found to be under-represented unanimously among all flaviviruses while the TpG dinucleotide is over-represented in all of flaviviruses. The ρ* XY values for some of the more interesting dinucleotides are summarized in Table 2 .
[ Table 2 ]
Codon Usage
Firstly, the GC-contents and N C value was calculated for each of the 37 RefSeq polyproteins (see Methods). The results by species and by vector group are listed in Tables 3 and   4 , respectively. As is seen in Table 4 , the flavivirus group with the greatest N C value, equating to the least bias in codon usage, is the insect-specific group ( Figure 2 appears to group species based upon the similarity in their overall GCcontent. By reexamining the dinucleotide and trinucleotide compositional biases, however, it is evident that preferences (e.g. overrepresentation of TpG and CpA and under-representation of CpG and TpA) are consistent amongst the vertebrate host species. As such, the preferences associated with codons containing these dinucleotides are maintained across species. Thus, the GC-content cannot be the only factor influencing the observed similarity/dissimilarity in codon usage.
[ Table 2 . This same tendency was observed within the flavivirus species which infect vertebrate hosts. Because flaviviruses cannot be methylated and yet most in this study do follow the methylation-deamination-mutation mechanism CpG and TpG/CpA levels as opposed to the pattern of other small viral genomes, it supports the hypothesis that these flaviviruses are adapting the dinucleotide usage patterns of its vertebrate host rather than invertebrate vector. Another virus with unique dinucleotide composition is the TABV, which is exclusively over-representing the CpC and GpG dinucleotides. This is somewhat similar to the patterns found in Karlin and Burge (1995) in the excess of these dinucleotides within small viral genomes; however, it does not follow the normal range for the TpG/CpA dinucleotides, which in TABV are also over-represented. In the phylogenetic analysis of flaviviruses by Cook and Holmes (2006), TABV had to be omitted from phylogenies due to its highly genetically divergent structural genes.
The codon trees implemented here provide an alternative means of assessing the similarity between species taking into consideration mutational biases due to host range. Because definite vector groupings were not detected in any trees (Figures 2, 3, 4 primary vertebrate host than they do with the members of the insect-specific group. The exception is the insect-specific species KRV which exhibits a codon usage more closely related to the vertebrate host species. This, in addition to the observed usage of CpG within KRV, suggests that this species used to be or recently became under selection to adapt to a vertebrate composition.
While theories on the evolution of this genus include (1) divergence of the NKV species prior to vector transmission or (2) NKV species and tick-borne species as sister groups (Cook and Homes, 2006), neither trend is observed when considering codon usage preferences within species sharing the same vector. In contrast, trees based upon the NS5 and NS3 amino acid sequences support theories (1) and (2) Figure 1 . Distribution of GC 3 and N C . The data points labeled "A", "D1", "D2", "D3", and "D4" identify APOIV, DENV1, DENV2, DENV3 and DENV4, respectively. The solid line shows the expectation of N C given GC 3 according to the hypothesis that there is no selection and G+C biases at silent sites are due to mutation (Wright, 1990) . Tables 1 and 3 can be referenced to identify the individual species in the graph. Grouping based upon host species or vector species is not evident. is listed in parenthesis.
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